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1., Summary

This report describes developments in the following areas: surface
area and pore size distribution in electrolyte matrices, electron
microscopy of electrolyte matrices, surface tension of KOH solutions,
water transport in fuel cells, and effectiveness factors for fuel cell
components, |

The surface area and pore size distribution, as measured by
nitrogen adsorption, have been determined for several electrolyte
matrices made from asbestos or Fybex (fibrous potassium titanate},
and for asbestos matrices impregnated with polyphenylene oxide with and
without a coating of zirconia in polyphenyiene oxide on one side, The
specific surface areas found were: asbestos-—Ad_pz/g; Fybex—-16 m2/g;
impregnated and coated asbestos—-4 to 8 mzlg. Pore size distributions
suggested that the Astropower bag (an impregnated and zirconia coated
sample which appears to be somewhat superior for some purposes) had
a more uniform distribution of pore sizes than any of the other samples.
However, the most significant observation in this area is the large
reduction in surface area which reéults from either impregnation or
coating.

Scanning electron microscopy at a magnification of 2000 or 5000X
suggested that the asbestos fiber bundles in the Astropower bag were more
completely broken down than those in the other samples. It was also
noted that the coating on the Astropower bag contained relatively large
flat plates whereas the solid particles in the other coatings appeared

to be much smaller and less platelike.
S



A recent paper which reported extensive éurface ;ension data for
KOH solutions was discovered just prior to preparation of this report.
These new data cdrrelate well both with our experimental data and those
reported earlier. Data are correlated over a wide range of KCH
concentrations and temperatures by a polynomial which utilizes a 5 x 5
matrix of coefficlents, but a computer is reguired for most calculations,
A simpler correlation is teing sought.

Traces of surface actife impurities sharply reduce the surface
- tension of pure KOH solutions, and it is not clear at present-whether
surface tension data for pure KOH solutions are applicable for fuel
cells.

The multicomponent diffusion equation has been éolved for water
transport in the electrolyte matrix for an H2—O2 fuel cell with the
‘assumptions of constant temperature and pressure (in the matrix) and
no convection., Ionic hydration has been taken into account. While
hydration results in significantly larger fluxes of water and hydroxyl
ions for a given current density than is the case when hydration is
ignored, the concentration gradients in the electrolyte matrix turn
out to be quite small and even large errors in estimation of the
primary hydration number of hydroxyl ion have relatively little influence
on the concentration gradients. |

A cell for measuring effectiveness factors of fuel cell components
is under construction; it is based on a modification of the stagnant
microelectrode. The differential equations for the cell have been solved

and a computer program worked out to evaluate effective diffusivities from

measurements of thg\limiting current.



2. Surface Area and Pore Size Distribution In Electrolyte
Matrices--M. C. Lee

The surface area and pore size distribution were measured by the
methods described in the Fifteenth Semi annual report for nine electrolyte
matrix samples supplied by NASA. The samples studied bore the following
designations: Fybex -1 and -2, Asbestps -1, -2 and -3, 4D0573 Sheet,
and Bag, Astropower Bag, 11D2172 Sheet. The surface area and the apparent
pore volume are shown in Table 2.1 and the pore size distribution curves
in the pore size ranging up to about 20 nm in radius are given in
Figures 1-9.

One can also measure the pore size dist?ibution by other methods,
notably by Mercury penetration. In this method, the volume of mercury
intruded into the pores of a porous sample is measured at several pressures.
-From these data one can construct pore size distribution curves. It
has been our experience that the mercury penetration technique appears
to be suitable for the relatively rigid structures of electrodes, but
that it leads to erroneous results for electrolyte matrices owing to
their compressibility. It remains to be seen whether pore size distribution
curves can be generated by mercurﬁ penetration measurements when the
sample has been inpregnated by PPO and then coated. This question
will be explored in the near future.

The surface area and the apparent pore volume tests show significant
differences between the three different kinds of sample g¥oups. From
the pore size distribution curves it can be seen that there are geveral

preferred pore sizes and these are summarized in Table 2.2 below.
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Table 2.1

Surface Area and Pore Volume
of Electrolyte Matrix Materials

Surface Area Apparent Pore Volume
m2/g ml/g

Asbestos-1 44,3 0.148
Asbestos-2 44l 0.155
Asbestos~3 44,0 0.227
Fybex-1 15,7 0.0357
Fybex-2 16.7 00,0666
4D0573 Sheet _ 3.5 . 0.0186
4D0573 Bag. 7.1 0.0233
Astropower Bag 3.9 0.0214
1102172 Sheet 7.9 - : : 00,0225

Table 2.2

Preferred Pore Sized In Electrolyte Matrix Samples

Sample Pore Radius, R , nm
T

Asbestos-1 : 3.1, 5.5, 12.0
Ashbestos-2 1.5, 2.3, 10.0
Asbestos-2 1.0, 2.5, .6-0
Fybex-1 1.2, 1.7, 3.0, 5.0
Fybex-2 1.1, 2.5, 5.0
4D0573 Sheet 2.2, 3.2, 9.0
4D0573 Bag ' 1.8, 10.0, 15.0
Astropower Bag 1.4, 2.5

11D2172 Sheet 3.5, 5.5 16.0
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Since there exists more than one population of pores, the computer
program described in the Fifteenth Semi annual report was used in

analyzing the pore size distributionm data. In Table 2.3 the computer

analysis for the asbestos and Fybex materials is given.
Table 2.3

Computer Analysis of Pore Size Distribution
of Fuel Cell Electrolyte Matrix Materials

Fybex-1 Fybex-2
Mean Radius Mean Radius
Local Maxima & Std. Dev,. Local Maxima &‘Std. Dev.
1.2 1.1 + 0.2 1.0 1.1 £ 0.2
1.7 1.7 £ 0.1
3.0 2.8 % 0.6 2.5, 2.4 T 0.4
5.0 5.1 0.7 5.1 : 5.3% 2.0
7.7 8.6 * 2.0
Asbestos-1 ' Asbestog-2 Asbestos-3
Local Mean Radius Local Mean Radius Local Mean Radius
Maxima & Std. Dev. Maxima & Std. Dev, Maxima & Std. Dev.
0.8 0.8 £ 0.05 0.8 0.8 £ 0.04
1.0 1.0 + 0.07 1.1 1.1 + 0.1 1.1 ' 0.9 + 0.2
1.4 1.8 + 0.4 1.5 1.5 £ 0.1 1.5 1.6 £ 0.1
1.9 2.0 £ 0.1
2.4 2.5 £0,2 2.5 2,6 £ 0.8
3 3.0 £ 0.2 3.3 5.3+ 2,9
7 5.4 + 1.0 - 8.0 8.8 + 4.7

From Figures 1, 2, and 3 we can see that the pore size distribution
curves for the three samples of asbestos are very similar. Indeed,

the differences in the graphs may be more indicative of the reproducibility
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of the experimental measurements than of real differences between the
samples.

h Figures 4 and 5 indicate that Fybex forms sheets with similar
preferred pore sizes to asbestos but that the surface area and cumulative
pore #olume are less.than for asbestos because of the larger fiber
size of Fybex.

The Astropower bag, the 4D0573 bag and sheet, and the 11D2172 sheet
are all impregnated with polyphenylene oxide (PPO) and coated on one
side with a suspension of zilrconia (and perhaps other materials) in
PP0. This results in a sharp reduction of the surface area and apparent
pore volume (all of these samples have a basic framework of asbestos).
The pore size distribution curves shown in Figures 6-9 reflect the
changes in surface area and pore volume, but they'alsg reflect some
differences between the samples themselves._ The cumulative pore volume
of the Astropowér sample is the highest of the group and the curve in
Figure 6 reveals less structure than is the case for the other coated
matrix samples. While the difference between samples is small, it
does appear that the curve for the Astropower sample is significantly
different from the others,

Since the Astropower sample is believed to represent a superior
electrolyte matrix, it seems worth noting here that the pore size
distributions in these samples appear to be different in the following
respects: i) the Astropower sample appears to have a larger number
of pores of a given sigze than do any of the other samples, 2) the
pore size distribution in the Astropower sample appears to be more
uniform than that of the other samples as revealed by the smoothness

of the cumulative pore volume versus pore radius plot, It will be seen
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in the next section of this report that the asbestos bundles appear to
be broken down more completely and that the range of particle sizes omn
the coated side is greater for the Astropower sample than is the case

for the other samples. These observations appear to be consistent with

those made here.



3. Electron Microscopy of Electrolyte Matrix Samples—--M. C. Lee

As noted earlier the last four of the nine samples listed in
Table 2.1 have been inpregnated with polyphenylene oxide (PP0O) and
coated on one side with a slurry of zirconia in PP0. Scanning electron
micrographs of both sides of these samples have been made, and some
of these are shown in Figures 10 and 11,

In Figure 10 we see scanning electron micrographs of the uncoated
side of the Astropower bag, the 4D0573 bag, the 4D0573 sheet, and the
1102172 sheet all at 5000X magnification. Examination of these electron
micrographs indicates that the asbestos bundles in the Astropower bag
are more completely broken up than in the other matrix samples. In
particular, the proportion of fibers of small radius is much larger in
the Astropower sample than in the others.

Scanning electron micrographs of the coated side of these samples
are shown in Figure 11. Although the magnification is teco low to
reveal as much detail as is desired, the difference between the Astro-
power sample and the others is very obvious. Many large flat plates
are on the surface of the Astropower sample but these plates show some
evidence of being platelike aggregates of very much smaller crystallites.
The larger plates appear to be 5-10 micrometers in length and perhaps
one micrometer in thickness., Numerous smaller plates, one to a few
micrometers in length, appear. In contrast, the other electrolyte
matrices appear to contain more uniformly sized particles of a
micrometer or so in size, little evidence of a platelike character,

and an apparently lower concentration of powder in the coating.

17
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Electron micrographs at higher magnification were attempted;
unfortunately the resolution was poor and little or no information
could be derived from them. This approach will be explored further in
an effort to ascertain whether the plates in the Astropower matrix
are porous, and to determine more of the size, shape, and character

of the particles in the coating of the. other matrices.



4, Distribution and Movement of Flectrolyte in Fuel Cells-—H. Lathanh

4.1 The Surface Tension of KOH Solutions

In studying the distribution and movement of electrolyte inside
porous structures it is useful to know the magnitude of the surface
tension of the electrolyte and its dependence on solute concentration
and temperature. The surface tension of KOH solutions at different
concentrations has been measured at room temperature, and a search of
the literature has revealed a recent extensive investigation by
Feldkamp (1) for a wide range of temperatures and KOH concentrations,
with which our experimental measurements agree well at the concentrations
of interest.

In this section of the report we shall discuss our own measurements,

and then we shall deal with those of Feldkamp and other investigators.

4.1.1 Experimental Methods—-The Wilhelmy Plate Method

Measurements were made on KOH solution in laboratory atmosphere
by the Wilhelmy plate method, using a surface tensiometer. The method
consists of measuring the pull, W, of a liquid solution on a completely
wettable vertical plate of perimeter, p, and the surface tension is

calculated from

dynes _ W dynes
cm P cm

o (4.1-1)

This method is only moderately accurate owing to the difficulty
in positioning the plate very precisely so as to eliminate buovancy

forces, and to the presence of a supermeniscus film whose thickmness and
N

21
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density depend on the solute concentration. The force W is measured
by a torsion spring, but it was preferable in our case to ecalibrate
the apparatus using pure water for which the surface tension is knowmn

with high accuracy (2).

4.1.2 Preparation of Solutions

Reagent—-grade potassium hydroxide pellets were used to prepare
FOH solutions of concentrations up to saturation. The methods of
preparation varied. In the most careful runs, the following procedure
was used:

Wash five 250 ml glass beakers with soap and water; carefully rinse
away all the soap.

Wash the beakers with concentrated nitric acid for a few seconds,
rinse with de-ionized water, then with distilled water from a quartz still,

Allow to dry in laboratory atmosphere.

Repeat the procedure with five petri dishes which will serve as
covers,

To the nearest milligram weigh KOH pellets directly inte the 250 ml
beakers to prepare 50 ml of the desired solution concentration. The
concentrations are chosen to cover a suitable range, including zero
concentration.

Add water slowly, with the beaker on the balance, to make the
desired weight percent concentration within one percent.

Allow the system to cool in a water bath, until the desired
temperature 1s reached with the Petri dish covers on to minimize evaporationm.

Place the beaker on the balance again and add water to compensate

for the amount evaporated, to the nearest centigram.
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Cover the beakers, leave them in the bath again, and prepare the
surface tensiometer by boiling the hanging plate in distilled water

and then drying over a gas flame.

4.1.3 Experimental Results

Measurements at 21 te 23°C on sclutions ranging in concentration
from 0.5 to 51 w/o yielded a total of 46 experimental points, of which
only 12 were considered good. The surface tension for water was
readily reproducible and did not differ for distilled or ordinary tap
water. The surface tension wvalues for KOH solutions, however, showed
wide fluctuations which characteristically led to the following behavior:

1) The scatter in the data was larger for higher concentrations.

2) All values lay below a clearly defined uﬁper boundary.

3) At the higher concentrations, the readings showed a rapid

change with time, always decreasing when this occurred.

These cobservations point to the presence of some surface active
agent in the test solutions, whose effect was dramatized by the high
concentration of electrolyte, considering that high—-concentration
solutions had a propensity to exhibit much depressed surface tension
valﬁes, at times far lower than that of water. When this did not
happen, the ''good" data lay on the upper boundary, and were considered
to represent the true values of the surface tension of KOU. These
data are listed in Table 4.1, Although the precision of the measurements
was about 1%, the accuracy is lower for the reasons mentioned. Figure 12
shows a comparison of the experimental data with values reported by
Faust (3) at 18°C and the correlation of Feldkamp (1) at 20°C, all set

on a scale relative to water.
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Tahle 4.1

Surface Tension of KOH Solutions

T =21 - 23°C

Concentration og/a
w/o 0_dynes/cm o
0 | 72.5 1.000
2.2 ' 73.8 1.018
5.0 74.1 1.022
5.3 74.9 1.033

10.0 77.0 . 1.062
10.2 77.1 - 1.064
15.0 79.3 1:094
19.8 82.1 1.132
20.0 82,7 1.141
23.0 85.4 1.178
25.2 85.5 1.179
30.3 90.1 1.242
40.0 99.3 1.369

At the lower concentrations, the experimental data are higher than
Faust's by 1% and the curve from Feldkamp is lower by 2%. However,
for concentrations above 25 w/o, the curves show good agreement. Data
from the Internatiocnal Critical Tables (2) along with some others
between 15°C and 18°C were plotted in Figure 15 of our previous report (4).

These agree with Faust's at concentrations below 10 w/o but diverge at
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higher KOH concentrations. Their range is, however, limited to 17 w/o

making them of limited importance for fuel cell electrolytes. The

three sets of values shown in Figure 12 have each been correlated with

a second-degree equation in concentration:

_ 2
o/oo = Bl + Bzm + B3m

where! ) = surface tension of solution, dynes/cm
Uo = surface tension of water at the same temperature, dynes/cm
m = KOH concentration, w/o

Values of the coefficients and the closeness of fit are listed in

Table 4.2.
Table &4.2-a )
Coefficients of the Correlations:
_ 2
o= Bl + B2m + B3m
Experimental Faust Feldkamp
B1 1.0035 0.9995 0.9988
B2 0,004406 0.003135 0.00231
B3 0.0001170 0.0001408 0.0001768
Goodness of 0.40% 0.08% 0.53%
Fit
Concentration L0 w/o 28 w/o 60 w/o
Range

Temperature 21-23°C 18°C 20°C
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Table 4.2-b

Values Given by the Correlations

m, w/o Experimental Faust Feldkamp Agreement
20 1.138 1.119 1.116 2.0%
30 1.241 1.220 1.227 1.7%
40 1.367 1.350 1.374 1.8%
30 1.516 1.508 1.556 3.2%

4.1.4 The Data of Feldkamp

Feldkamp (1) has made the most extensive measurements of the
surface tension of KOH solutions for concentrations up to 60 w/o and
temperatures from 20°C to 170°C, using the method-of maximum bubble
pressure. His data, which we feel are worth reproducing here, were

correlated to within 1% by the following equation:

©~1n

a(t? g) =

5
k-1 i-1
1{kzl ag t ] £ (4.1-2)

temperature, °C

where:!: t

2

concentration, weight ratio of solute to solution

and asp is the matrix of coeffieients given by Table 4.3.



Table 4.3

Matrix of Coefficients of the Feldkamp Equation

ik

1 2 3 4 5
75.4787 -0.138489 ~0.336392 x 1075 0.475362 x 10°° -0.264479 x 1070
-32.8890 1.34382 -0.910138 x 1072 0.396124 % 10°% ~0.573565 x 107’
614.527 12,8736 0.104855 ~0.449076 x 107> 0.651193 x 107°
~1455.06 39.8511 ~0.344234 0.144383 x 1072 -0.207599 x 1077
1333.62 -38.3316 . 0.335129 -0.137313 x 1072 0.194911 x 107>

8¢



29

Feldkamp also gave an expression correlating the relative surface
tension, 0/00, with the reduced temperature and concentration, but
the fit is poor at the lower temperatures.

Equation 4.1-2 is of the form:

_ 2 3 4
og(t, &) = Al + Azg + ABE + AAF; + ASE; (4,1-2)

where the coefficients are in turn fourth-degree polynomials in

temperature. In spite of the complexity of this expression and its
impracticality for hand calculations, it is not readily reducible

owing to the equal importance of all terms at high temperatures. For
convenience, Table 4.4 gives values of the coefficients of ﬁquation

4.1-2 for different temperatures. Table 4.5 gives values of the surface
tension which are plotted in Figures 13 and 14, emphasizing the concentration
and temperature dependence, respectively. Figures 15 and 16 show in

the same respect the behavior of the relative surface tension.



Coefficients of the Feldkamp Equation

Table 4.4

Temperature, °C Al A2 A3 A4 A
10 74.061 -20.322 495.83 ~1089.6 982. 46
20 72.578 -9.3454 395.51 -789.51 690.37
30 71.034 0.25742 311.09 -532.04 449.79
40 69.431 8.6900 240.28 ~324.70 253.67
50 67.771 16.142 180.92 -155.60 95. 404
60 66.058 22.788 131.03 ~18.274 ~31.147 "
70 64.293 28.792 88.766 93.159 ~131.65
80 62.479 34300 52.457 184.14 -211.29
90 60.619 39,448 20.577 259.59 -274.81
100 58.715. 44,356 ~8.2401 323.94 ~326.47
110 56. 769 49.131 ~35.203 381.12 ~370.06
120 54.783 53.866 ~61.365 434.56 ~408.92
130 52.759 58.641 -87.625 487.20 -445.89
140 50.700 63.521 114,72 541.46 ~483.37
150 48,607 68.558 ~143.24 599.29 -523.29
160 46.483 73.790 -173.61 662.13 ~567.10
170 44.328 79.242 ~206.10 730.91 -615.79



Table 4.5

Surface Tension of KOH Data From Feldkamp

Temperature Concentration, w/o
°C 10 20 30 40 50 60
10 74.06 76.00 82,69 91.13 100.7 113.1 132.4
20 72.58 74.88 81.36 89.78 99.59 111.9 129.4
30 71.03 73.68 80.00 88.39 98.38 110.5 126.6
40 69.43 72.40 78.59 86.95 97.06 109.1 123.9
50 67.77 71.05 77.14 85.47 95.66 107.6 121.3
60 66.06 69.63 75.66 83.94 94.17 106.0 118.9
70 64.29 68.14 74.14 82.37 92.60 104.3 116.6
80 62.48 66.60 72.57 80.75 90.97 102.6 114.3
90 60.62 65.01 70.97 79.09 89.27 100.8 112.2
ioo 58.71 63.36 69.33 77.38 87.51 98.92 110.0
110 56.%7 61.67 67.64 75.63 85,71 97.04 107.9
120 54.78 59.95 65.92 73.84 83.85 95,14 105.9
130 52.76 58.19 64.17 72.08 81.96 93.21 103.8
140 50.70 56.40 62.37 70.14 80.03 91.25 101.8
150 48.61 54.58 60.55 68,22 78.07 £9.28 99. 80
160 46,48 52.73 58.69 66.28 76.08 87.30 97.78
V) W, Vs H0L 86 50,19 G 30 74 .06 8. 30 95,75

1€
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4.1.5 Discussion

The agreement between the experimental data and those of Faust and
Feldkamp bears out the reliability of the former. It is important to
realize, however, that these represent the ideal situation of pure KOH
solutions meticulously prepared and measured in an inert atmosphere (1.
Our observations tend to show that, in many instances, the measured
values of surface tension are much lower than the expected values, and
that the difference is greater at the higher concentrations. Since
the test solutions were prepared carefully, it is likely that the surface
active agents were present in the laboratory atmosphere and slowly
adsorbed onto them. If such is the case, then either the presence of
ions in the solutions greatly enhances thé effect of these agents, or
it facilitates their adsorption, or both. Until the agents and effects
are identified and quantified, there is little point in knowing precisely
the surface tension of KOE under ideal conditions. It is likely that
in mass-produced fuel cells operating for long times, the orgamnic
structural materials pollute to a certain degree the electrolyte solution,
and tﬁat this alters its surface tensiom very significantly. It is thus
important to evaluate the effect of these pollutants and that of carbon
dioxide on the surface tension. It is also important to determine the

dependence on surface tension of the overall cell performance,

4.2 Modelling of Wetting and Penetration of Porous, Heterogeneous Media

literature and analytical studies of wetting in several simple porous
or heterogeneous media are in progress but these have not yet led to

definitive results. They will be described in a later report.



5. Water Transport In Alkaline H2—02 Fuel Cells--S5, P. Lui

5.1 Introduction

Alkaline fuel cells, as pointed out by Kordesch (5), are technologically
the most advanéed fuel cell type today. Despite their high power output
and increasingly lower cost, many problems remain to be splved before
they can have extensive commercial applications. fThe concentration
gradients of electrolyte in the matrix of an operating fuel cell have
been measured by Miller and Fornasar (6), and by Lundguist and Vogel (7}.
However, to the best of the author's knowledge, the transport of free
water within the electrolyte matrix has not been discussed in the
literature. The principal objective of the presentlwork is to look
into the probhlem of water transport in the electrblyte matrix and to
develop ways of estimating the concentration gradients of free water
and the electrolyte in the matrix.

The overall reaction product in the alkaline H2—02 fuel cell is
water. Water generated by this reaction must be removed from the cell
to avoid dilution of the electrolyte, but water transport within the
fuel cell is also very important in another sense:; it is both a

reactant at the cathode and a solvator of the hydroxyl ions formed

there. The reactions at the electrodes can be written as follows:

Anode reactiom: 2H.2 + 4OH . s_H20 = (4 + 45_)H20
Cathode reaction: 02 + (2 + 45_)H20 = 4LOH , s_H20
QOverall reactlon? 2H2 + 02 = 2H20

37
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where s_ is the primary hydration number of the hydroxyl ion.

It can be seen, then, that water must be transferred to the
cagiode both to maintain the cathode reaction and to solvate the
hydroxyl ions produced there. It seems important to note here that
water.transport from the anode to the cathode involves transport of
solvent water whereas water tfansport from the cathode to the anode
involves tramsport of hydrated hydroxyl loms.

A1l of the ions in the electrolyte are hydrated but our principal
concern is with the hydroxyl ions as these carry most of the intra-
cell current and they participate in the electrode reactioms, whereas
potassium ions do not. As pointed out by Bockris (8), water may be
regarded as being bound to iems in two ways: (1) strongly bound and
(2) weakly bound. Strongly bound water--called the primary hydration
sheath--is held so strongly to the ion that it moves with the ion.
Weakly bound water-—called the secondary hydration sheath--is attached
so loosely to the ions that it behaves like a diffuse cloud around the
ion and is in continuous interchange with water in the surrounding
medium. We shall consider only the primary hydration sheath here. The
number of water molecules in the brimary hydration sheath of an ion is

called the primary hydration number of the ion.

5.2 Mass Transfer in the Electrolyte Matrix

As we have seen earlier, transport processes in fuel cells are
very important. In the following treatment mass transfer in the
electrolyte matrix is considered. The electrolyte matrix usually
consists of a thin sheet of specially processed asbestos with the voids

between the ashbestos fibers being filled with electrolyte, which, in our
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case, 1s concentrated potassium hydroxide. We are able to deal with
transport in this fuel cell component in a fairly rigorous manner
because no chemical reactions occur in the electrolyte matrix. All
transport takes place in the electrolyte sclution which has three
constituents: water, potassiﬁm, and hydroxyl ions. However, these iomns
do not exist as bare ions; rather, they exist as solvated ions and the
water in the primary hydration sheath around the ion is fairly tightly
bound so that it moves with the ion on the average. The equation of

continuity for each species in the solution is given by

Bci
gz—-= —V-Ni + Ri . {(5.2~1)

where Ni is the flux of species i, expressed in m?les/cmzwsec, and Ri
is the rate of production of species i by chemical reaction expressed
in moles/cm3~sec. Since no chemical reactions occur in the electrolyte
matrix, Ri iz zero, and since the electrolyte matrix is normally very
thin, we need consider one-dimensional transport only, Therefere, at

steady state Equation 5.2-1 becomes

dNi
dx =0
or
Ni = constant (5.2-2)

In a multicomponent system, the momentum flux depends only upon
the velocity gradients and the energy flux depends upon the temperature
gradient. In the electrolyte matrix considered, although there may be
some local variations in temperature, the temperature differences across

the matrix are small compared'to the agbsolute temperature, Therefore
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~we shall assume constant temperature in the electrolyte matrix. Also,
because the electrelyte is contained in thé small void spaces of the
elé;trolyte matrix, we shall assume -convection to be absent, i.e., the
bulk velocity of the fluid in the matrix is zero. Hence it is not
necessary to consider the equations of motion and energy.

The mass or molar flux of a species depends both on mechanical

driving forces (ordinmary, pressure, and forced diffusion) and on

thermal diffusion effects. The multicomponent diffusion equation is (9)

M, c.c,
- i i
e — ——— =
o (myramogte w1 L
j T1iJ
oy
(v. - vyt | =+ - -=| vinT (5.2-3)
3 1 gl .
j i
where pi = electrochemical potential of species i, J/mole;
Ei = partial entropy of species i, J/mole-deg;
é%& = diffusion coefficient of i in j, cm2/sec;
Di = thermal diffusion coefficient of i, gm/cm-sec;
Cp = total solution concentration, mole/1;
v, = average velocity of species i, cm/sec.

We have already assumed that the temperature in the electrolyte
matrix is constant and the gradient of pressure is usually very small.
Thus, the thermal diffusion and the pressure diffusion terms are usually
of only secondary importance and may be neglected. Equation 5.2-3

then takes the form

_ i3 _ -
c Vi, = RT § ‘ v, - v)) (5.2-4)
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Equation 5.2-4 is the generalized form of the Stefan-Maxwell equation (10)}..
The 1%3 are the diffusion coefficients describing the interactions

between species i and j. These coefficients are a set of phenomenological
coefficients and they follow the so-called "Onsager reciprocal relation",

that is;

& =5 (5.2-5)

The term ciVui in Equation 5.2-4 is the driving force per unit volume
acting on species i, For potassium hydroxide solutions we have two

independent equations

[ 48, c_c; 3
¢, Vu, = RT ‘ v —v )+ —m (v -v,) (5.2-6)
+ T+ Cofioy O + CT¢%+ - + J
r c_e, ; ) c_e, : ) 5
c Vu_ = RT . v o~ v )+ : v, - Vv_ (5.2-7)
dpds. © cpdy

\

where ¢, concentration of total water, moles/l;
c, = concentration of potassium ion, moles/1;
c = concentration of hydroxyl ion, moles/1;
¢, = total solution concentration, moles/1;

= electrochemical potential of the potassium ion;

H = electrochemical potential of the hydroxyl ion.
The chemical potential of the electrolyte may be expressed as

My = VH, o+ v

It

VRT1n (cfiai) (5.248)
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where v = number of potassium ions produced by the dissociation
of one molecule of potassium hydroxide;

- v = number of hydroxyl ions produced by the dissociation
of one molecule of potassium hydroxide;

v = number of moles of ions into which a mole of electrolyte
dissociates;

f = mean molar activity coefficient of the elecfrolyte;

I+ @ t+

a constant of proporticnality.

The number of moles of ions into which a mole of electrolyte dissociates,
v, is given by

v=yv + v (5.2-9)

The concentration of the electrolyte is defined by

C+_
AY

cz-—-—_

+ -

c]lo

(5.2-10)

The flux equations for the potassium ion and the hydroxyl ion may be

obtained by rearranging Equations 5.2-6 and 7. For steady state conditions,

these flux equations can be written as follows: (see Appendix 1 for

derails).
v¥ﬁé c it
— = m _T_ + —
Ny = v, = VRT ¢ VUe T oF toev, (5.2-11)
ls] +
v}?cTc it_
‘N_ =cVv = - —'\")'ﬁ'i,'(; Vue + Z_F + C_Vo (5.2-12)

where 1is the diffusion coefficient of the electrolyte and is given by

A S (z+ - z_)

& . Tt o (5.2-13)
2y for T B O
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The transference numbers (with respect to the solvent velocity) are

defined as follows

where we note that z_ has a negative value and the term —z_.ég_ becomes

positive. The measured diffusion coefficient, D, is related to Jyfy

4?&T dlny,
D= - 1+ = (5.2-15)
Q

dln m

where Yy, is the mean molal activity coefficient and m is the molality.
It can be shown that the relation between the gradient of chemical

potential and the gradient of concentration is given by (see Appendix 2}

EtTc dlncO
VRTCO Vue =D 1 - TInc Ye (5.2-16}

Substituting Equation 5.2-16 into Equations 35.2-11 and 12, we get

( dlmco‘1 it+
N+ = - \)+D L‘l - dinc ) VC + ﬁ + C+V0 (5.2_17)
and - ) N .
dlnc0 it_
N ==-vD \l - e J Ve + -z-—:f + cv, (5.2-18)

For water, the total flux consists of the flux due to free water, that
due to water of hydratiom, and that due to convection. Since potassium
ions do not enter into the electrode reactions, the net flux of
potassium ions is zero and the flux of hydration water with potassium
ions is,‘therefore, zero, Thus, we have

dcfw

H.O dx

+ g N +cv (5.2-19;
- - 0 0
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where Cro is the concentration of free water expressed in moles/1

and s_ is the hydration number of the hydroxyl ion.
We have already assumed that convection 1s absent in the electrolyte

matrixz and that all transport is essentially one-dimensional, so the

flux equations become

( dlnc_ ) de ity _
N‘l‘ = "'\)+D 1- oo & =4 .7j+_F (5.2-20)
( dlne_ | 4. it_
N_=-=yD | 1-=| 5+ ST (5.2-21)
N =D fy + e (5.,2-22)
H.O dx - .

In order to solve these equations, it is necessary to know the
transference number and the hydration number of the ions. In the mext
two sections the transference number and the hydration number in
concentrated potassium hydroxide solution will be discussed.

In Section 5.5 the concentration gradients for both the electrolyte
and free ﬁater are calculated using both the transference number and

the hydration number estimated for 30 w/o KOH.

5.3 Transference Numbers In K3OH Solutions

The transference number of an ion, ti’ is the fraction of the

total current carried by that ion, that is

[N

ti = z \ . (5.3-1)
J

where ii is the portion of current carried by the i species, expressed

in amp/cmz. Also, we note that
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) £, =1 , (5.3-2)
i

—

Since the current density of an ion is proportional to the mobility
of the ion, it can be shown that the transference numbers of the

potassium and hydroxyl ions are given by

u .
- * _
£, = ey | (5.3-3)
and
u—
t_= ;;“;—Gr (5.3-4)

where u, and u_ are the mobilities of the potassium and hydroxyl ions,

\ . 2 o A
respectively, expressed in cm”/sec-volt. The mobility of an ion in
a solution is directly proportional to the conductance of the ion;

hence transference numbers may also be expressed in the form

Ay

A+ AL

(5.3-5)

-+
H

where k+ and A_ are the ionic conductances of potassium and hydroxyl
ions, respectively. The equivalent conductance of a binary electrolyte,

A, is given by

A= A+ + A (5.3-6)
Hence,
t, = —;;—t (5.3-7)
Similarly, we have
t =%~“— o (5.3~8)

5.3.1 Methods for Measuring Transference MNumbers

The chief methods for the determination of transference number are:
the Hittorf methed, the moving boundary method, and the electromotive force

method.
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The Hittorf Method

This method is based on a procedure suggested by Hittorf in 1853
in which the transference number is determined by measuring the changes
of concentration in a three-compartment cell in which a given current
is passed through a solution of the electrolyte. This procedure is
subject to.mény difficulties in practfﬁe, and accurate result; are
difficult to obtain. However, by using an improved apparatus, MacInnes
and Dole (11), and Jones and Bradshaw (12) were able to obtain quite

accurate results.

The Moving Boundary Method

In the moving boundary method, the transference number is obtained
by measuring the volume swept through by a boundary between two solutions
during the passage of a given gquantity of electricity. The transference

number of the cation is given by

%
FdAc
L, = g (5.3-9)
where d = distance moved by the boundary, cm;
A = cross-sectional area of the tube, cmz;
. .

¢ = concentration in equivalent per cm3;
Q = quantity of electricity, coulomb.

For a detailed account of the theory and techniques of the moving
boundary method, the reader is referred to MacInnes and Longsworth (13).
This method gives more accurate results than does the Hittorf method,

and it is simpler experimentally.

S
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The emf Method

This method of measuring transference numbers is based on measure-
ments of the emf of coneentration cells with and without transference.
A concentration cell with transference consists of two identical electrodes
immersed in solutions of the same electrolyte having different compositions
or solutions of different electrolytes having the same concentratiom.
The difference in composition of the two solutions at their junction
leads to diffusion and the development of a liquid junetion potential.

An example of a concentration cell with transference is

Ag, AgCl | Kct || kc1) Agcl, Ag
i

and the emf of the cell is given by

VRT :
. + -— -
¢ Tt V,Z,F in 2, | (5.2-1G)

where the subscript on E indicates that transference takes place,
and ay and a, a;e the mean activities of the electrolyte in the left
hand and right hand compartments of the cell.

A concentration cell without transference is one in which both
electrodes are the same and immersed in the electrolytic solutions
of different compositions but with no liquid junction between the
anolyte and the catholyte. Since there is no liquid junction, ions
cannot pass from one solution into the other. There is, therefore,

no liquid junction potential in concentration cells without transference.

An example of a concentration cell without transference is
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Ag, AgCl | KCl | K(Hg) | kel | Agcl, Ag

a1 4

where it is seen that the connection between the anolyte and the

catholyte is a potassium amalgam., The emf of the cell is given by

a
In 2
1

VRT
viziF

=
H
+

(5.3-11)

where v is the total number of ions, and Vv

" or V_ is the number of

positive or negative ions produced by the dissociation of one molecule
of electrolyte; z, OF Z_ is the charge number of the positive or
negative ions.

Since the difference in the emf of concentration cells with and
without transference arises out of transference across the liquid
junction, it follows, then, that we can determiné‘the transference
number by comparing the emfs of the respective cells. Thus, from

Equations 5.3-10 and 11 we have

Lo
s E

(5.3-12)
Froﬁ Equations 5.3-7 and 8, the transference number of an ion

is expressed as the ratio of the ionic conductance, Ai’ and the

equivalent conductance of the solution, A, where the values of the

conductances are those at the particular concentration of interest.

Since the ionic conductances are concentration-dependent, it is not

surprising to find that the transference number also vary with the

concentration of the electrolyte.

Empirical equations for transference number as a function of

concentration have been proposed by Jones and Dole (14), Longsworth (15),
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and Owen (16). These empirical equations give satisfactory results

for agueous solutions of 1-1 chlorides but the validity of these

equations for potassium hydroxide solutions has not been tested adequately.
According to the Onsager equation the equivalent conductance of

an ion,Ai, is given by

A, =A% - (/20 + B;x‘i’) ye (5.3-13}

i i

where li is the ionie conductance of species i at infinite dilution,
. 2
expressed in mho-cm” /eq, o and B are constants. Thus, the transference

number of the potassium ion is given by

0 O
A Ap - (L/2a + BA+)/E

+ A A A, - (a+ 8A )YV

t (5.3-14)
For water as solvent, & = 60.20 and B = 0.229. The ionic conductances
for the potassium and hydroxyl ions are 73.52 and 197.6 mho—cmz/eq,
respectively. Using these values of the constants in Equation 5.3-14,
values of the transference number for the potassium ion can be calculated.
Although dilute electrolytic solutions have been studied intensively,
studies in concentrated electrolytic solutions have been less frequent;
and while the Onsager theory predicts the concentration depencence of
. the transference number, it is applicable only at low concentrations.
Attempts to extend the Onsager equation to higher concentrations have
not met with success.
Recently, Merenkov (17) measured the transference number of potassiuxm
ion in KCH solutions from one equivalent to ten equivalents per liter.

He found that the transference number of potassium ion was independent of
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temperature from 18° to 65°C but that it decreased with increase in
KOH concentration. The transference number of potassium ion was

correlated by the empirical equation

t, = 0.26 - 0.047 (Y + 1) (5.3-15)
On the other hand, knobel {18) determined the transference

number of the potassium ion in KOH solutions by the emf method;

he found that the transference number of potassium ion was 0.2633 and

that it was independent of concentration over the concentration range

from 0.03N to 3.0N. The predictions of the Onsager equation and the

experimental results of Knobél, and Merenkov are summarized in Table 5.1,
In fuel cell operations, we are dealing with concentrated

solutions of KOH., The use of the Onsager equation certainly leads to

erroneous results. The empirical equation proposed'by Merenkov gives

the concentration dependencé of the transference number for concentrated

solutions, yet it cannot be used for dilute solutions. The value at

infinite dilution as predicted by Merenkov's empirical equation is

0.213, which is far below the theoretical value of 0.271l. At a

concentration of 1 N, however, the agreement betwéen the Onsager and

Merenkov equations is relatively good (t+0 = 0,176 vs t,. = 0,166).

+M
It is clear that Knobel's data deviate from the Onsager equation very

significantly when the potassium hydroxide concentration is greater

than about 0.1 N.
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Table 5.1

Summary of Transference Number Data for KOH Solutions

+
Transference number of K from

Concentration of

KOH Solutions (N} Onsager Eq. Knobel Eq. Merenkov Eq.
0 6.271 - : 0.213
0.03 , 0.261 0.2633 0.205
0.1 0.251 0.2633 0.198
0.3 0.232 0.2633 . 0.187
1.0 _ 0.176 0.2633 0.166
3.0 - 0.2633 0.132
5.0 - - ) 0.108
7.0 | - - 0.088
9.0 - - 0.072

10.0 - - 0.064%

5.4 The Primary Hydration Number In Concentrated KOH Solutions

The process of solvation plays an important part in most solution
phenomena. The hydration number of an ion is the number of water
molecules attached to the ion, and the absolute value of the hydration
number has an important bearing on the amount of "free" water present
in electrolytic solutions. For example, in 30% KOM solution, if the
hydration number of both the potassium and hydroxyl ions is equal to
one, then the concentration of "free' water is 36.4 moles/1, while if

the hydration number for the ions is equal to four, there will not be
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any "free" water available. The concentration of "free'" water for
different values of the hydration number at various potassium hydroxide
concentrations is tabulated in Table 5.2 (assuming that the hydratien

pumber of the potassium ion is equal to that of the hydroxyl ion).

Table 5.2

Concentration of "Free" Water

As A Function Of Hydration Number

Concentration Concentration of free water*, cfw’ moles/1

of KOH Solution

Wt.¥% moles/1 s=0 1 2 3 4 5
10 2.3 64.5 59.9 55.3 .50.7 46.1 41.2
20 4.6 57.3 48.1 38.¢ " 29.7 20.5 11.3
30 6.9 50.2 36.4 22.6 8.8 - <
40 9.2 43,0 24.6 6,2 - - -
50 11.5 35.8 12.8 - - - <

See Appendix 3 for sample calculations.

The concentration of "free'" water as a function of KOH concentration
is shown in Figure 17 for several arbitrary valges of the hydration
number,

Many workers have investigated the concept of lonic hydration,
and several experimental methods have been used for determining the
hydration number of ions. Some of these are discussed below; however,
it should be noted that the different experimental methods give contra-
dictory results because of a lack of a really precise definition of

~

the hydration number. As pointed out earlier, solvation is arbitrarily
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Figure 17: Concentration of "Free" Water in KOH Solution
‘ For Different Degrees of Solvatiom.
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divided into two different categories-primary and secondary.

0f the several experimental methods for determining primary
hydration numbers which have been used, the more widely used appear
to be: ionic entropy, ionic mobility, density, compressibility, and
the nuclear magnetic resonance method. Some of the experimental
results which have been reported for the hydration number of the

potassium ion are summarized in Table 5.3.
Table 5.3

+
Primary Hydration Numbers of X
By Various Experimental Methods

Method , Hydration
Number
EntrQPy, Ulich (19) 3
Density, Darmois (20) 1
Comprgssibili;y, Passynski (21), 6-7
Bockris (22) 3.5
nmr, Hindman- (23) _ 2.1
Creekmore et al. (24) _ 4.6
X-ray diffraction, Brady (25) ‘ 4.0

In general there is a great variance in the experimental values
of the hydration number because different methods measure different
types of solvation (primary or secondary, or a combination of both).
Of all the techniques available, nuclear magnetic resonance (nmr) and
compressibility appear to be the most promising methods for determining

S
the hydration number of iomns.
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The use of the nmr techniques for determining the hydratiom
number of jons is still an active field of researcﬁ, and several
approaches can be used to determine the hydration number form pmr
measﬁrements. Swinehart and Taube (26) determined the solvation
number of certain diamagnetic cations in methanol from the ratio
of areas under the nmr absorptioﬁ curves of the free and solvated
molecules, It has been shown by Jackson, Lemons, and Taube (27) that
adding a paramagneriec iom to an aqueous sclution containing diamagnetic
ion produces two separate 017 nuclear magnetic resonances, one for the
labile water and the other due to water bound in the primary hydration
sheath of the diamagnetic ion. The hydration number of the.cation is
then determined either by comparing the areas under the two resonances
or by measuring the Ol7 nmr shifts in solutions cbntaining a para-
magnetic ion and a diamagnetic ion and in a solution containing only
the paramagnetic ion. The hydration number of-ions can also be determined
by nmr techniques from proton relaxation time measurements.

Although thé nuclear magnetic resonance method has become an
increasingly important technigue for the study of hydration of ions, the
feasibility of the technique for measuring the hydration numbers of
potassium and hydroxyl ions in concentrated sclutions requires further
investigation.

The compressibility method, developed by Passynski (21} also
appears to be a satisfactory method for determining the hydration
number. By assuming the compressibility of water in the primary
hydration sheath to be zero, the sum of the hydration number of ions

in solution can be determined from compressibility measurements on the
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solvent and solution. Isemuro and Goto (28) used- the method of
compressibility to estimate the hydration number of alkaline halides.
As one might expect, they found that the hydration numbers of 1-1
electrolytes decrease with an increase in the temperature, but the
concentration dependence of the hydration number was not investigated.
Recently, Bockris (22) used the compressibility method to determine
the sum of the hydration numbers of ions in solutions of halides. By
combining compressibility measurements wiﬁh measurements of the ionic
vibration potential, individual hydration numbers for certain cations
and anions were estimated. According to his results, the hydration
number of potassium ion is 3.5 and that for hydroxyl ion can be estimated
to be equal to 4.3. If these hydration numbers remain constant in
concentrated solutions, as pointed out earlier, there would not be any
"free'" water available in 30% KOH solution. It is obvious, therefore,
that the hydration number must vary with the concentration of the
solution, but there is little experimental information concerning
the concentration dependence of the hydration numbers of the potassium
and hydroxyl ions at high concentrations.

From some of the limited information available in Bockris's
paper, the hydration number of the potassium and hydroxyl ions
may be estimated by extrapolating the available data. This procedure
results, for 30% KOH solution, in an estimated hydration number of
potassium ion of 1.5 and 2.0 for the hydroxyl ion. These values are,
however, very tentative owing to the extrapolation required. Since they
are the best estimates available, however, they are used in the next section
to estimate concentration gradients in the electrolyte matrix for

different current densities.
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5.5 Concentration Gradients ip the Electrolyte Matrix

Having estimated the hydration numbers and the transference
numbers of the ions, the flux equations for the potassium ion, the
hydroxyl ion, and water can be solved. The concentration gradients of
the "free'" water and that of the electrolyte in the electrolyte matrix
can be estimated as follows:

For the "free" water concentration gradient, we have from

Equation 5.2-22

dcfw
NH20 =D dx

i
+ S__N_ = F

Hence the "“free' water concentration gradient can be expressed in
terms of the hydration number of ions, the diffusivity, and the current
density, that is

Jdee A+ sf)i

dx "~ DF ' (5.5~1)

Values of the diffusion coefficient of the electrolyte at various

concentrations, taken from Bhatia's results (29), is shown in Table 5.4.
Table 5.4

Diffusivity of KOH Solution at 25°C

Concentration of KOH

Wt.% moles/1 D x 105 (cmzlsec)
10 2.3 3.25
20 4,6 3.60
30 6.9 3.75
40 9.2 3,70

50 11.5 3.65
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For 30% KOH selution, the diffusivity of the electrolyte is 3.75 x 10'—5

cmzfsec. With the available data on diffusivity and the estimated
values of the hydration number, the concentration gradients of "free'
water at different KOH concentrations can be calculated as a function
-of current density. The results of '"free" water concentration gradients

are summarized in Table 5.5,

Table 5.5

~"Free" Water Concentration Gradients
— = -

A3

~de

< H§~fw
Hydration
No., of
Hydroxyl Ion KOH Concentration
5., c=2.3 . 4.6 6.9 9.2 11.5
1 0.641 . 0.581 0.551 0.561 0.571
Y3 0.961 0.861 0.831 0.841 -
3 1,271 1.154 1.101 - -
4 1.5941 1.441 - - -
5 : 1.911 1.731 - - -

For the concentration gradient of the KOH solution, we have from

Equation 5.2-21

= +

dx z F

dlnc it
R o dec -
dinc ]

From Faraday's Law,
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Hence the concentration gradient of KOH solution in the electrolyte

matrix is

(L-t) i
de _ - _
dx dlnc0 (5.5-2)
- \)_D[l—dlnC}F
dlnc
The term [ 1 - - } can be shown to be equal to
dlnc
dlnc,y 4 (5.5-3)
L- dlnc - -
c V
oo

where VO is the partial molar volume of the solvent and is given by

S o o ;
Vo = A Fr (5.5-4)
P ¢ de

The density of KOH is 1.1884 gm/cm3 for 20% KOH solution and 1.2%05
gm/cm3 for 30% KOH solution. If we assume that the density is a linear

function of the concentration, we get

v = 18 gm/mole
o 1.2905 ~ 1.1884 gm/cc
1.2905 gn/ce ~ 6.9 moles/1 ( 53 J wole/1
= 18.23 cc/mole
Hence
[ dlnc0 1

1 - = = 1.093

-~ dinc ] _ 18.23 gm/ce

50.2 qole/l x 1000 oo/l

Thus, the concentration gradient of the KOH solution in the electrolyte

matrix is given by
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de _ 0.0891
dx -5 2
3.75 x 10 cm” /sec x 1.093 x 96500 amp-sec/mole

0.023i mole/l/cm.

The concentration gradients of KOH solution at different concentrations
can be estimated by the zsame procedure and the results are summarized
in Table 5.6

Table 5.6

KOH Concentration Gradients in the Electrolyte Matrix

5

D x 10 dlnc
¢ 1 -2 de
Wt.% KOH Tt (pmz/sec) dlnc dx
10 0.142 3.25 0.868 0.0521
20 0.112 3.60 0.965 0.0331
30 0.089 3.75 1.093 0.0231
40 0.070 3.70 1.387 0.0144

From Table 5.6 we can see that, for the estimated values of the
transference and hydration numbers, a current density of one ampere
per cmz, and a mean KOH concentration.of 30 We.Z (6.9 N), the KOH
concentration gradient in the electrolyte matrix is 0.023 g mole/1/cm.
Since the electrolyte matrix is normally less than one millimeter in
thickness, it is clear that the KOH concentration difference between
the anode and the cathode even at the high current density of one

2
ampere per cm appears to be almost negligible, Moreover, it is clear
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_that diffusion and electromigration are entirely adequate to support

very high current densities,

-~

5.6 Discussion of Simplifying Assumptions

In calculating the concentration gradients, we have assumed that
convection is absent. From the calculations obtained, the concentration
gradient of the electrolyte across the matrix is very small. The
presence of convection would only reduce the concentration gradient
further, therefore, the assumption of no convection has not led to
significant errors in estimating the free water concentration gradient.
In general, a temperature gradient in the electrolyte matrix could
lead to a variation in composition which would promote convection.

The temperature gradient cam also contribute to changgs in transport
properties and lead to thermal diffusion. Since the transport rates

are larée and convection has been shown to be of negligible importance,
and since thermal diffusion effects are usually of only secondary

importance, the assumption of constant temperature seems reasonable.



6. Effectiveness Factors In Fuel Cell Components

Porous diffusion electrodes are of extremely complex structure,
and the sizes of the pores in these electrodes range from 2 um
(2 microns) down to as low as about 2 nm (20 A). Electrolyte matrices
are less complex, but readily accessible to exact analysié. In such
cases, the rate of solute diffusion within these pores may become
appreciably less than expected when the solute molecular size becomes
significant with respect to the pore size. The ratio of the effective
diffusivity to the bulk diffusivity of any seolute in a porous medium is
termed the effectiveness factor, £, This factor is a function of the
porosity and tortuosity of the porous medium, of surface effects,
and of possible hindrances to diffusion oﬁing to the size of the
diffusing molecules approaching that of the pores. The porosity and
tortuosity are macroscopic effects; they correct for the reduction in
the area available for diffusion,and the increase in length of the
diffusion path, respectively. The other effects are highly complex
functions of the moiecular properties of the solute and porous medium,
and these are not yet well understood. Beck and Schultz (30) as well as
Satterfield et al. (31), found that the diffusivity of solutes was
reduced when the solute diameter approached the pore diameter in their
studies of diffusion through wellvdefiﬁed, homogeneous porous media. On
the other hand, Anderson and Quinm (32), and also Wade (34), found no
alteration of the transport properties in their studies of the influence
of structure of the pofous medium on transport processes in pores with

sizes comparable to the liquid molecules.
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It is evident from these contradictory results, and the lack of
understanding of the influence of other parameters on the effectiveness
fa;;or in porous electrodes, that experimental measurements of effective-
ness factor are necessary for a fuller understanding of transport
processes in electrodes, and it is possible that structural influences
may be important in the transporﬁ processes occurring in electrolyte
matrices. The sections following describe a proposed method of

evaluating effectiveness factors experimentally and a solution to the

mathematical model is given.

6.1 Development of the Model

The proposed experiment involves measuring both the bulk and
hindered diffusivities using a modified stagnant'ﬁicrpelectrode. With
this method only a single measurement is needed for measuring the ratio

of bulk and hindered diffusivities.

A schematic diagram of the diffusion cell is shown below.

ITI

Electrode

I is a region where bulk diffusion prevails, II is the sample whose

effectiveness factor is to be measured, and III is another region of
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bulk diffusion. For such a system, the flux at the electrode can be

obtained by solving the following set of differential equations, with

~—

the accompanying initial and boundary conditioms, for t > O

3°c! gc!t
1 1 1 . _ _ -
3 - 5, 5 = 0 | (g + &) < x<-L, (6.1-1)
2%e) ., B -
A T 0 L < x<0 (6.1-2)
ox DZ t 2
azcé 1 acé
- 2 = 0 0D<x< £ {6.1-3)
3){2 D3 t 3

Initial condition: t < 0, ci = cé = cé = ¢y for all x.
Boundary conditions: t > O

ci =0 aF X = —(£1 + 22)

] = Cys Dl ;;i = D, E;% , at x = -Ez

cé = cé, D2 E;%-= D3 E;é , at x =10

cé = Cyp at x = EB

where c', ¢!, ¢! are the concentrations in regions I, II, and III
l 2 3 g H 3

o and D3 are

corrected diffusion coefficients in regions I, II, and III, respectively,

respectively. (They are actual concentrations). Dl’ D

i.e., correction is made for the fact that the flux is based on total

geometrical area.
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The set of equations above can be solved by Laplace Transformaticn

(complete solution is given in Appendix 4), after solving for ci, and

~

given that

I.. = n FAD, - (6.1-4)
X = - (£1 + 22)

We obtain the following expression for Ilim

+ ] e ™ B (6.1-5)

1
lim £ £2 £
where Gm a Kl sin Amﬁl(cos KllmﬂztanKzlmEB + ain Kllmﬂz)

2 . )
- cos Amﬂl(Klsln Kllmﬂz tan Kzlm£3 - Kle cos Kllmﬂz)

P = Kl(£1 + £2) tan szmﬂ3 (sin Amﬂl cos Klkmﬁz
+ Kl cos Amﬂl sin Kllmﬂz) + K2 (ﬂl + Kz) sin lmﬂl sin Kllmﬂz
K&,
+ [ ~i;f-+ Kleﬂl ] cos kmﬁl cos Klkmﬂz
. Kl£3 ( Kl- sin J\mﬂl sin Kl)\mﬂz - COS lmil cos K].Amf'z
K 2
2 cos K2Am£3
¢ 2/-2
1 D1
D
o3
K, V5
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,Km is given by the equation

~ K, tan Kllmﬂz + K

9 tan AmK2£3 + ¥ K. tan lmﬂl

1 12

J— -
= Kl tan kmﬂl tan Kllmﬂz tan KzlmEB =0

6.2 Proposed Equipment and Procedure

As noted earlier, the proposed method of measuring effectiveness
factors is based on measuring the limiting current with a system
approximating a stapgnant microelectrode. However, the sample whose
effectiveness factor is being evaluated will be sandwiched between two
porous disks in which bulk diffusion prevails, i.e., the pores are so
large in these regions that there is mo hindrance to diffusion in the
pore.

In practice we propose, as is often done, to measure the limiting
current for an electroactive species whose bulk diffusivity is already
known accurately, and for this purpose we have chosen potassium ferro-
cyanide. We shall make the measurement using 0.05 M KéFe(CN)G in
0.1 N KC1.

A somewhat enlarged cross-sectional diagram of the cell is shown
below.

Nylon Electrode Body
PR

Electrode-””ﬁf
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Poroﬁs discs I and IIX and the porous sample whose effectiveness
factor is being measured are fitted into the inside of the cell,
and by means of suction the potassiqmlferrocyanide solution is drawn
into the cell. A platinum electrode is then pressed on the surface of
disc I by means of a screw-on cap. The experiment can then be started
by applying a voltage across the diffusion electrode and a counter
electrode while both are immersed in the potassium ferrocyénide
solution, A plot of current vs time is generated in the polarograph,
and the effectiveness factor of the sample is then caleculated from the
experimental curve by fitting Equation (6.1-5), using a trial and error
procedure on the computer to select appropriate values for Dza_and noting

that (recalling that D, = D, is already known)
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APPENDIX 1

Derivation of Flux Equations (Equations 5.2~11 and 12)

~

From Faraday's Law, we have

i=F § ziN1
= F Z z,cov, (A.1-1)
i
Since the solution, as a whole, is electrically neutral, we have
Zi z;c; =0 (A.1-2)
Thus Equation A.l-1 can be written as
i=F § z;c.v, = F § (zici)vo
=F ; z;¢,; (vi - vo) (A.1-3)
Therefore, for a 1-1 electrolyte such as KOH, we have
i= Fz+c+ (v+ - vo) + Fz_c_ (v_ - vo) (A 1-4)
From Equations 5.2-6 and 7, we have
c,.c cc
+ 0 -+ '
CVu=RT[ — (v _-v,))+ (v -V)] (5.2-6)
T cpfy o eyl T - o
c_c, c_c
¢ Vi = RT [ ~ (v_=-v )+ (v, —v ) ] {5.2-7)
¢ © ol

Adding the last two equations, we get

69
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RTc+cO RTc_cD
-+ T e — _— — 1
c+Vu+ c_Vu_ = (vo v+) + " (v0 v_) (A.1-5)
T o+ T o—

The electrochemical potential of the electrolyte, M s is given by
My = VM, v, (A.1-6)

The stoichiometric concentration of the electrolyte can be written as

c c
+ —
e=o- = o (A.1=-7)
+ -
Hence
c M, +cy_ = c(v+u+ + v u)
= cVue
Therefore, we get
RTc ¢ RTc_c .
Vu = ———(v_-~v,)+——— (v_=-v) (A.1-8)
S L T

Eliminating v, from Equations A.l-4 and 8, we get

RTc+coi
4+ Fz,c,cVy
+ "+
cp by e
RTc+c0 RTc__c0
=T a Fz ¢ (v_ - Vo) + - & FZ+C+ (VO - v_)
T 0+ T O-
} RTc0q+c F ( z, _ Z_ J o —v)
Cr e o o -
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S .
) RTcoc+c_F [ z o 2“531 J o ) (A 1-9)
°r A}b+£€; ° -
Therefore
iz & e,.cVu z &, A
- o- T e+ ot o=
c_(v - v_ ) = — + = {A.1-10)
o z_F(z_i_.Gg_'_ z_ﬁg_) RTCo(Z+’%_-I- 2_56’_)
Substituting Equations 5.2-13 and 14 into Equations A.1-10 we get
. it e..cVu z
- - T e + ,(9-’ _
c_(vo v_) — + RTe CREED) (A.1-11)
- fo) -+ -
Since the solution is electrically neutral
z,C +zc =0
z_C_ T
z, = -
+ c,.
Hence
z_C_
z, ~ cy
z, = Z_ z c_
- — -z
+
C_
c + c_
Ve
v+c + VvV e
= U—
v, FV_
\)—
= ‘G"' (A.1~.~12)
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Substituting Equation A.1-12 into Equation A.1l-1l, we get

it cTcVuev_

- = — el A J1-
cv(v0 v_) 7 F + vRTco {A.1-13)
Hence
v_Ae, it
cv_=~- \)RTCO CVUE + "z—-f + C_VO (5.2-12)

Similarly, it can be shown that

v &é it _
T T o+ —— 4 v (5.2-11)
e z+F + o

+'+  VRTcC
O



APPENDIX 2

Derivation of Equation 5.2-16

The electrochemical potential of the electrolyte is given by
U = VRTIn(cf,a’) (A.2-1)
e : i

where £ is the mean molar activity coefficient of the electrolyte
8 . , . .
and a, is a proportionality constant. The gradient of the electro~

chemical potential of the electrolyte is then given by

_ d B
Vue = YRT ox ln(cfiat)
of
VRT 0 dc i
- 5 [fiai- x T %% % ]
Cfiai
af
_ VRT * _
-, [fi+ ¢ 5= ]_Vc . (A.2-2}
Therefore
cVue _ L cafi .
VET ( £3 ] ¢
dlnf
+
= [ 1 dlnc ]VC
Thus
——-—-—a/cT Wy = i 1+ " v A.2-3
VRTc cVH, <, dinc ¢ (4.2-3)

The measured diffusion coefficient of the electrolyte, D, is related

to by
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dlny,

= + — . J2-
D= (1 W m) (1 + =) (A.2-4)
V=Vt
m = = = —< (A.2-5)
c M
P - Z c.M o0
3=0 J_J
Therefore
D=4 1+ + = 1+ s
B (v+ v—) Mo c M dlnm
o0
) <, + c, + c_ } - dlnYi
- c J dinm
o
dlony
= & 1+ *
o dlnm (A,2-6)
Hence we get )
5 dlnf,
c D [ 1+ — ]
T . dlne
VRTc cVue - diny v (4.2-7)
o 1+ +
[ dlnm J
The measured diffusion coefficient of the electrolyte, D, is also
related to 2 by the following relation
1+ wWMm dlnf,
roms | e ]
_ 1+ Mm dlnc
D = [ dinp (A.2-8)
dlnc

From Equations A.2-4 and 8, we get
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dlnf
1+ -
dlnc - _ dinp
atmy, - G G- )
1+ dinm
_ Me _ dlnp
{ 1+ c ] [ 1 dlnc )
0o
Mc ' Mc y  dlnp
= + - =t et o
1 c M [ L+ P ] dlnc
o0 o)
Mc pdinp
= + —
1 ¢ M p dlnc
oo o
= 1 - pdlnp Me
[ podlnc [} ]
. p = COMO + Me
dinp _ 1

. .
dc cDMO + Mc  oc (CoMb + Me)

Bco M

1
E-Mo de p

n

3

Multiplying each side of the above egquation by c, we get

dinp _ ¢ Bco + Mc
dlnc p o ac P
) cpoac Mc
copac P
polnco Mc
= — —
plne p

Substituting Equation A.2-10 into Equation A.2-9, we get

(A.2-9)

(A.2-10)
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dinf
— dl
1+dlnc = 1 - _F?_[p ne M_]_.@.‘i
N dlnYi po p dinc o] po
1 dlnm
. [ dlnc Me EE]
dinc po po
dinc_ )
= - A.2-11
1 dlnc (
Substituting Equation A.2-11 into Equation A.2-7, we thus get
BE dlnco \‘ ,
= - Vv 5.2-16
\)RTcO cVue D { 1 dinc ¢ (



APPENDIX 3

Sample Calculation of "Free' Water Concentration

The amount of "free' water for a given electrolytic solution is

equal to the portion of water that is not tightly bound in the primary

hydration sheaths of the ion,

Hence the concentration of '"free'" water

is the concentration difference before and after hydration of ioms.

For 30% KOH solution, the concentration of KOH and water before

hydration are as follows:

30 gm
100 gm soln

x 1.29 —gl“-(—:f:—‘il—rl x 1000 £

1]

Concentration of KOH, c¢

il

6.9 gm/1

The molar concentration of water

(100 - 30) gm
100 gm soln

1
56.1 .._g[_n._
. mole

50.2 mole/1

1.29 gm soln 1000 ££
cc _ 1

£m

18 male

If the hydration number of the potassium ion and that of the hydroxyl

ion are assumed to be equal, then the concentration of "free' water is

given by

n
|

fw

1l

tw

77

= Cew T Sbw

c - 2s¢
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where € is the concentration of total water, that is, the concentration

of water before hydration; ¢ is the concentration of bound water.

bw

If the hydration number of the ions is equal to one, then

[
]

fu 50.2 mole/1 - (2)(1)(6.9) mole/l

36. 4 mole/1

Values of the concentration of "free" water are summarized in Table 5.2.



APPENDIX 4

Solution of the Diffusion Equation
For the Effectiveness Factor Cell

The set of equations to be solved is, for t > 0

3¢l ac! '
1 1 1 _
7 " b, 3¢ - O ~ly F L) < x < -k
ox 1 .
2 4 '
ax? D2 ot 2 '
2
3°¢! ac!
3 1 3
- 2 === 0 0<x<2&
axz D3 ot 3

where the concentrations are based on the actual concentration in the
pores, and the diffusion coefficients are those corrected for the
differences in diffusion surface area.

The boundary and initial conditions for the above system are:

Initial Conditions: t 5.0
L J S T
€17 %% 7 37 %10
Boundary Conditions: ci = 0 at x = -(¢, + 22)
vt At
©17 %
¢ -
gct dc! at x 22
I D | |
1 9x 2 3x

79
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,  cat x = £
3 ox

c‘l
2
D2 ax = D

First, we make the transformation

c, = Cc;, — C

14 10
- ] -

B S S T
= t -—

€37 %37 %10

The above equations are transformed into

2 -

a < 1 Bcl ‘ .
T 0 —gﬁl + £2) < x < fﬁz (A.4-1)
Ix 1 ,
32c2 1 3c2
> - 3 - 0 _£2 <x<Q . (AL 4=2)
9x 2
32c3 1 8c3
T 0 0< x < £3 (A.4-3)
ox 3
Initial Condition t 5_0
Cy = ¢y T 4 =0
Boundary Condition: t>0
€, = ¢ (= clo) at x = —(£1 + £2) (A.4-4)
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Bcl 3c2
o= Dog TP o *Th
- = D aj—n E_ci; =0
€y T C3» 2 3x 3 3x x
cy= 0 x = £,

To solve Equations A.4-1, 2, and 3, with the given Initial
Conditions and Boundary Conditions, they are Laplace Transformed,

and solved to give

El = E%E‘ cosh 43 (81 + £2 + %) + A sinh 4 (El + £2 + x) (A.4-8)
22 = B cgsh 4, 682 + x) + C sinh 4, (£2 + x) . (A.4-9)
33 = E (sinh Q4% - tanh q3£3 cosh q3x) ‘ ' (A.4-~10)
where

q = /p/D;

1, = Vp/D,

1 = 7p/D,

P = the parameter for the Laplace Transformation.

A, B, C and D are constants to be evaluated from the Boundary
Conditions (A.4-5 and 6). It should be noted that conditions A.4-4 and 7
have been used to obtain Equations A.4-8 through 10.

Substitution of Equations A.4-8 through 10 into the Boundary

Conditions give



82

. 1s
—_— -+ 3 = -
» cosh qlﬂl A sinh qlﬁl B {(A.4-11)
g
—— 3 = ‘—
> qul sinh qlﬂl + AqlD2 cosh qlﬂl cq2D2 (A.4-12)
B cosh q2£2 + ¢ sinh q2£2 =~ E tanh q3£3 (A.4-13)
B q,D, sinh q2£2 + ¢ q,D, cosh q2£2 = ED,q, : (A.4-14)

Solving Equations A.4-11 through 14 for A glves

cq ' )
A= —f— { M/N } (A.4-15)

D

where M 193 sinh qlﬁl (D3q3 ginh q2£2 + quzicosh q2£2)

+ D,q, cosh qlﬂl (D3q3 cosh q2£2 + Dy, sinh q2£2 tanh q3£3)

N = Dyqy cosh q1£1 (D3q3 sinh q2£2 + Dyq, cosh qzﬂz tanh q3£3)

+ D sinh qlﬁl (D3q3 cosh q2€2 + D,q, sinh q2£2 tanh q3£3)

292

Only A was solved for because we are interested 'in El which contains A
as the sole conmstant to be evaluated.

Substituting Equation A.4-15 to Equation A.,4-8 vields

g
Cls = D {K/L } (A.4-16)

where K = qul (D3q3 ginh qzﬁz + D2q2 cosh qzﬂz tanh q3£3) cosh ql(2£l+£2+x)

- Dyq, (D3q3 cosh qzﬂz + D,q, sinh qzﬂz tanh q3£3) sinh ql(2£l+£2+x)
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L = qul (D3q3 sinh qzﬂz + D,q, cosh qzﬁz tanh q3£3) cosh q1£1
+ quz (D3q3 cosh q2£2 + qu2 sinh qzﬂz tanh‘q3£3) sinh qlﬂl

¢, can be obtained by means of the Inversion Theorem. We see that

Equation A.4-16 gives a simple pole, and zeros of "L'" give simple
poles of the integrand of Equation A.4+16 in the Inversion equation.

C [o]

1 . Res(0) + § Res (-D %)
c lm
1s m=1

We see that Res (0) = 0/0; therefore, we have to apply L'Hopital's
rule, which, after simplification, gives

- +
D D3£ + DD L D,D, (EZ x)

1 152 2
DDy, + DyDyLs + DyDoEy

]

Res {0} =

o)
fa (o

2
K(~D. A7)
2, _ 1m
Res (—lem) =

5 (By using L'Bopital's rule)
—Dllm (3L/3p)P=_D >L2
1'm

Letting K, = Jbzfnl , K,= VD /D , p=-DA

2
-1A7t .
K(—Dikz) =ie " ( »’D]_D2 cos l(Zﬂl + 82 + x) cos Klkt tan Kz)\t3

DD
+ VD.D. cos A(2L, + £+ x) sin K AL, ~ 2 3 sin A{£, + x) cos K AL
172 1 2 172 DD 2 172
1%2

+ D2 sin lKlﬂz sin A(ﬂz + x) tan szﬁa)
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—Kl£1 sinkﬂl cos)xKlﬂ2 tan kK2£3

dr R
dp | _ . 2 2i _
= Dl o £2 cos}»{"_l sin AK1£2 tan ?\K223
Kl cos .)\ﬁl cos ).KIEB
+ T 3 5 - KZ(J[’,:L + Jﬂz) sin )\El sin ;\Kl!iz
2 cos K AL .
. 2773
-KZ )
+ K_l £2 cos ?\-El cos AKlf,z + Klef'l cos ?\El COS lKlﬂz
2 .
- K1£1 oS ?\.F,l sin }\Klﬂz tan AKZES - Kl£2 sin )uﬂl coSs M{lﬂz tan )\K2£3
K2 gin AL, sin AK_£
at 1 172
K 3 2
2 cos }\KZKB
‘ ) ) 2
. il 1}113322 + D1D2£3 - ])2133012 + x) i Z ZeDlJ\mt e_m
15 D;Dyl, + DyDyly + DD, m P
where Bm = {Kl cos )\m (2.{il + £2 + %) (cos Kl}\mﬁz tan Kz}\mf.:,'
. 2,
+ sin Kl?\mﬂz) + gin ?\m (Ez + x) (Klsln Kl)\mﬂz tan KZ)"mf’B
- K K2 cos Kx £.)}
12 m 2
P =

Dllm {K1(£1 + Ez) sin J\mﬂl CcOS }\mKlﬂz tan >\sz£3

2 .
+ Kl(f',1 + £2) cos Amf’l sin AmKl'gZ tan )\K2£3

KA,
+ K2 (ﬂl + f_z) sin Amzl sin )\mKlf.z - [K—l + Klef_l ]
XK. £ (Kl sin ?\mﬂl sin )\m - cos Amﬁl cos lmKlf_z)

cos A L. cos A K. L. + -~
m 1 m1°2 K 2
~ 2 cos A K. 2
m 23
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where Am are given by solution of the equation

- K2 tan Kllﬂz + Kl tan K2A£3 + K1K2 tanAEl

+ K2

j tan Kllﬂz tan K2A£3 tanlﬂl =0

since ‘
en 1
lim S T

1 2

[
It

Finally, we have

&)
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¢, .nFA

10 L2 32
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